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-activated chloride currents carried via transmembrane proteins TMEM16A and TMEM16B regulate diverse processes including mucus secretion, neuronal excitability, smooth muscle contraction, olfactory signal transduction, and cell proliferation. Understanding how TMEM16A/16B are regulated by Ca 2+ is critical for defining their (patho)/physiological roles and for rationally targeting them therapeutically. Here, using a bioengineering approach-channel inactivation induced by membrane-tethering of an associated protein (ChIMP)-we discovered that Ca 2+ -free calmodulin (apoCaM) is preassociated with TMEM16A/16B channel complexes. The resident apoCaM mediates two distinct Ca 2+ -dependent effects on TMEM16A, as revealed by expression of dominant-negative CaM 1234 . These effects are Ca 2+ -dependent sensitization of activation (CDSA) and Ca
-dependent inactivation (CDI). CDI and CDSA are independently mediated by the N and C lobes of CaM, respectively. TMEM16A alternative splicing provides a mechanism for tuning apoCaM effects. Channels lacking splice segment b selectively lost CDI, and segment a is necessary for apoCaM preassociation with TMEM16A. The results reveal multidimensional regulation of TMEM16A/16B by preassociated apoCaM and introduce ChIMP as a versatile tool to probe the macromolecular complex and function of Ca 2+ -activated chloride channels.
calmodulin | anoctamin1 | TMEM16A | calcium-activated chloride channel C alcium (Ca 2+ )-activated chloride (Cl -) channels (CaCCs) broadly expressed in mammalian cells regulate diverse physiological functions including: epithelial mucus secretion (1, 2) , neuronal excitability (3) (4) (5) , smooth muscle contraction (6) , olfactory transduction (7, 8) , and cell proliferation (9, 10) . Drugs targeting CaCCs are being pursued as therapies for hypertension, cystic fibrosis, asthma, and cancer (1, 9, 11) .
Three laboratories independently identified the transmembrane protein TMEM16A as the molecular component of a CaCC (12) (13) (14) . TMEM16A belongs to a protein family with 10 members encoded by distinct genes (15) (16) (17) (18) . There is universal agreement that TMEM16A, and the closely related TMEM16B, are bona fide CaCCs (2, (12) (13) (14) 19) . Consistent with this, TMEM16A knockout mice displayed defective CaCC activity in a variety of epithelia (20) (21) (22) , and the olfactory CaCC current was completely abolished in TMEM16B knockout mice (23) . Hydropathy analyses suggest TMEM16 proteins have a similar topology with cytosolic N and C termini and eight predicted transmembrane helices (2, 19) . Human TMEM16A has four alternatively spliced segments (a-d), differential inclusion of which modify voltage and Ca 2+ sensitivity of resultant channel splice variants (24) .
CaCCs are highly sensitive to intracellular [Ca 2+ ], displaying graded increases in Cl − current (I Cl ) amplitude as [Ca 2+ ] i is raised from resting levels (∼100 nM) to the 1-to 2-μM range. In some cases, high [Ca 2+ ] i (>10 μM) leads to decreased I Cl amplitude (inactivation) (25) (26) (27) -binding EF hand motifs (14, 16, 17) . A sequence in the first intracellular loop of TMEM16A resembling the "Ca 2+ bowl" in large conductance Ca
-activated K + (BK) channels was disqualified by mutagenesis as the Ca 2+ sensor responsible for CDA of TMEM16A (28) . A revised TMEM16A topological model suggests the originally predicted extracellular loop 4 is located intracellularly (29) , and mutating E702 and E705 within this loop markedly alter Ca 2+ sensitivity of TMEM16A (29, 30 (34, 36) . Whether apocalmodulin preassociates with TMEM16A/ TMEM16B channel complexes and participates in Ca 2+ -dependent regulation of these channels is controversial (30, 37, 38) .
Using a recently developed bioengineering approach-channel inactivation induced by membrane-tethering of an associated protein (ChIMP) ( ] i > 10 μM. The two opposite effects are independently mediated by the two lobes of preassociated apoCaM-Ca 2+ occupancy of the N lobe leads to CDI, whereas the C lobe mediates CDSA. Alternative splicing of TMEM16A provides a mechanism for regulating apoCaM binding and signaling. TMEM16A splice variants lacking segment a lost apoCaM binding altogether, eliminating both CDSA and CDI, whereas variants specifically lacking segment b were selectively deficient in CDI. Finally, TMEM16A variants defective in apoCaM binding displayed dramatically decreased trafficking to the cell surface.
Results
Bioengineering Approach Reveals TMEM16A/apoCaM Preassociation.
Previous biochemical pull-down studies suggest that TMEM16A does not bind apoCaM (32, 40) . Additionally, whether TMEM16A binds Ca
2+
-CaM is controversial-some biochemical pull-down studies support an interaction (31, 32) , whereas others do not (40) . Notably, pull-down methods can be notoriously inconsistent with regards to confirming apoCaM/Ca 2+ -CaM association with ion channels even when these are functionally known to occur (35, 41) . Purified TMEM16A(abc) was demonstrated to not bind Ca
-CaM in vitro (30) . However, this result does not preclude the possibility of CaM interacting with TMEM16A channel complexes in vivo, in a manner that is functionally important. We sought to use an assay that could potentially test for association of apoCaM/Ca 2+ -CaM with functioning TMEM16A in living cells. We recently discovered that voltage-dependent Ca 2+ (Ca V ) channels can be inducibly inactivated by membrane tethering cytoplasmic proteins that associate either directly or indirectly with intracellular domains of the channel (39, 42) . Again, we have termed this process "channel inactivation induced by membrane-tethering of an associated protein" (ChIMP). We wondered whether ChIMP would similarly work in the unrelated TMEM16A, and thus provide a new functional method for probing the macromolecular complex of this channel. To test this notion, we fused the C1 domain of protein kinase Cγ to the C terminus of CaM and coexpressed the resulting construct, CaM-C1 PKC , with TMEM16A(abc) in HEK293 cells. The hypothesis was that CaM-C1 PKCγ would be induced to associate with the membrane with phorbol ester (phorbol-12,13-dibutyrate, PdBu), and if the modified CaM was bound intracellularly to TMEM16A (abc), either directly or through an intermediary, its induced membrane targeting might produce a conformational change that altered current amplitude, possibly due to an allosteric regulation of the channel pore (Fig. 1A) . We first performed a series of control experiments. HEK293 cells transiently transfected with TMEM16A (abc) alone displayed robust outward currents in response to +100-mV step depolarizations with 1.2 μM intracellular free Ca 2+ (Fig.  1B) . Untransfected HEK293 cells yielded no currents, and the recorded TMEM16A(abc) currents were markedly inhibited by 100 μM niflumic acid, a nonselective CaCC blocker (13, 14) (Fig. S1A ). Exposure to 1 μM PdBu had no impact on I Cl in cells expressing TMEM16A(abc) alone (Fig. 1B) . This result indicates that PdBu itself does not affect TMEM16A(abc) either directly or via activation of a second messenger pathway, clearing the way for using this phorbol ester in the ChIMP assay.
Cells coexpressing TMEM16A(abc) and mCherry-CaM-C1 PKC displayed basal outward Cl − currents with waveforms similar to those observed with TMEM16A(abc) alone (Fig. 1C) . Remarkably, exposure to 1 μM PdBu decreased I Cl amplitude concomitantly with mCherry-CaM-C1 PKC targeting to the plasma membrane (Fig. 1C) . We believe that the PdBu-induced decrease in I Cl effect is due to direct anchoring of Ca
-CaM to the cell membrane, which induces a conformational change in the associated channel to inhibit current, as illustrated by the ChIMP concept (Fig. 1A) . One prediction of this model is that under favorable relative expression conditions, mCherry-CaM-C1 PKC (or mCherry-CaM) might be expected to be enriched at the plasma membrane in the absence of PdBu due to its putative association with membranebound TMEM16A(abc) channel complex. Indeed, we observed evidence of such membrane enrichment of mCherry-CaM with TMEM16A-GFP (Fig. S1B ). To test for a possible preassociation of apoCaM, we used a Ca 2+ -insensitive CaM mutant, CaM 1234 , in the ChIMP assay. Cells coexpressing TMEM16A (abc) and mCherry-CaM 1234 -C1 PKC expressed large currents that were also sharply inhibited by 1 μM PdBu (Fig. 1D) , providing to our knowledge the first evidence of putative apoCaM preassociation with functioning TMEM16A(abc) channel complexes in live cells. As a negative control, cells expressing TMEM16A(abc) and C1 PKC -fused Ca V channel auxiliary β 3 subunit (β 3 -C1 PKC , a protein that does not bind TMEM16A) displayed currents that were unaffected by PdBu (Fig. S1C) .
Because TMEM16A(abc) coexpressed with mCherry-CaM 1234 -C1 PKC still produced large I Cl (Fig. 1D) , we could formally rule out the idea that the preassociated apoCaM is the Ca 2+ sensor for CDA of TMEM16A. This is in full agreement with recent data indicating that CaM is not the Ca 2+ sensor for CDA of TMEM16A (30, 32, 37) . Nevertheless, we were motivated by the ChIMP results to probe whether apoCaM preassociated with the TMEM16A(abc) channel complex plays any role in Ca 2+ -dependent regulation of these channels. ] i was raised from 93 nM to 1.2 μM (Fig. 2 A and B ] i at 17 μM (Fig. 2D, open triangle) . Coexpressing WT CaM with TMEM16A(abc) produced a virtually identical profile of CDA and CDI as observed with TMEM16A(abc) alone (Fig. 2  C and D, filled square) . In contrast, we observed two clear-cut effects of CaM 1234 on Ca 2+ -dependent regulation of TMEM16A (abc) (Fig. 2C, red square) . First, there was a rightward shift in Ca 2+ dependence of activation at [Ca 2+ ] i ≤ 1.2 μM for TMEM16A(abc) coexpressed with CaM 1234 , compared with those expressed either alone or with WT CaM (Fig. 2 C and D) . Second, with CaM 1234 , CDI was eliminated (Fig. 2D, red ] i -dependent activation profile that indicated the preservation of CDSA, but a complete loss of CDI (Fig. 3A, blue square) . Conversely, TMEM16A(abc) coexpressed with CaM 34 selectively lost CDSA while leaving CDI intact (Fig. 3B, green square) . These results demonstrate that the N lobe of CaM selectively mediates TMEM16A(abc) CDI, whereas the C lobe transduces CDSA.
Role of TMEM16A Splice Segments in apoCaM Regulation. The TMEM16A gene has four alternatively spliced segments designated a-d, which are predicted to be intracellular and confer distinctive biophysical properties to TMEM16A splice variants (Fig. 4A) (12, 24) . Because distinct TMEM16A splice variants are expressed in different tissues (24) , dissecting their functional properties is crucial for understanding tissue-specific modulation of CaCCs. We determined whether and how the individual segments a, b, and c impact apoCaM binding and regulation of TMEM16A.
First, we examined functional properties of TMEM16A(ac), which specifically lacks segment b. When coexpressed with WT CaM, CDA of TMEM16A(ac) closely tracked that of TMEM16A (abc) for [Ca 2+ ] i ≤ 1.2 μM (Fig. 4B, black ] i , TMEM16A(ac) displayed no CDI, clearly diverging from TMEM16A(abc) under this condition (Fig. 4B and Fig. S2 ). When coexpressed with CaM 1234 , TMEM16A(ac) currents elicited at 93 nM and 210 nM displayed a significantly lower amplitude compared with WT CaM (Fig. 4B and Fig. S3 ) and showed a CDA profile that overlaid that of TMEM16A(abc) + CaM 1234 (Fig. 4B, red square) . These results indicate that CDSA is preserved in TMEM16A(ac), whereas CDI is selectively lost. Hence, segment b is necessary for preassociated apoCaM-mediated CDI of TMEM16A. Next, we investigated the properties of TMEM16A(0), which lacks all of the alternatively spliced segments. As previously reported (25) , this minimal TMEM16A isoform supported Ca 2+ -activated chloride currents (Fig. S2) . However, even when coexpressed with WT CaM, the activation profile of TMEM16A(0) tracked that of TMEM16A(abc) + CaM 1234 (Fig. 4C, black  square) . Therefore, TMEM16A(0) lacks both CDSA and CDI, the two functional signatures of preassociated apoCaM.
The simplest interpretation of the data with the two TMEM16A variants is that apoCaM preassociates with TMEM16A(ac) but not TMEM16A(0) channel complexes. To test this idea, we used ChIMP to gain further insights into which TMEM16A splice variants associate with apoCaM. TMEM16A(ac) coexpressed with CaM-C1 PKC or CaM 1234 -C1 PKC gave rise to Ca 2+ -activated I Cl that were rapidly inhibited by PdBu (Fig. 4D and Fig. S4 ). By contrast, I Cl from TMEM16A(0) coexpressed with CaM-C1 PKC was insensitive to PdBu (Fig. 4E) . The effectiveness of ChIMP for TMEM16A(ac) but not TMEM16A(0) suggested that segments a and/or c are important for apoCaM binding to TMEM16A. To further dissect whether one or both of these segments is essential for apoCaM binding, we used ChIMP to probe TMEM16A(a) and TMEM16A(c), respectively. When coexpressed with CaM-C1 PKC or CaM 1234 -C1 PKC , currents through TMEM16A(a) were blocked by Pdbu (Fig. 4F and Fig. S4 ), whereas TMEM16A(c) currents were insensitive to PdBu (Fig. 4G) . In control experiments, neither TMEM16A(ac) nor TMEM16A(a) expressed alone was responsive to PdBu (Fig. S4) .
A large fraction (∼70%) of cells transfected with either GFPtagged TMEM16A(0) or TMEM16A(c) yielded no currents, whereas the remaining 30% displayed Ca 2+ -activated I Cl that lack CDSA. By contrast, cells expressing GFP-tagged TMEM16A (abc), TMEM16A(ac), or TMEM16A(a) always displayed robust Ca 2+ -activated I Cl . This variance may be explained by differences in channel trafficking to the cell surface, as we found that channels lacking segment a were poorly targeted to the plasma membrane (Fig. S5) .
Biochemical Detection of apoCaM Binding to TMEM16A Variants. We used coimmunoprecipitation assays to directly confirm that apoCaM physically binds TMEM16A channel complex, and that segment a is necessary for this interaction. Different GFP-tagged TMEM16A splice variants were coexpressed with Xpress-tagged YFP-CaM in HEK293 cells. In agreement with the ChIMP data, we found that TMEM16A(abc), TMEM16A(ac), and TMEM16A (a) coimmunoprecipitated with CaM, whereas TMEM16A(c) and TMEM16A(0) did not, in the absence or presence of Ca 2+ ( Fig.  5 A and B) . We further found that Xpress-YFP-CaM 1234 coimmunoprecipitated with TMEM16A(abc), TMEM16A(ac), and TMEM16A(a), directly confirming apoCaM preassociation with these channels (Fig. 5C ). As a negative control, GFP did not coimmunoprecipitate with Xpress-YFP-CaM 1234 . Taken together, the results indicate that segment a is necessary for apoCaM binding to TMEM16A channel complex. We were unable to pull down the isolated TMEM16A intracellular N terminus (which contains segment a) with CaM (Fig. S6) , suggesting segment a is necessary but not sufficient for apoCaM binding to the channel complex.
Discussion
The previously unknown results provided in this work are: (i) apoCaM is preassociated with TMEM16A/16B channel complexes (Fig. S7) assay is an effective tool to probe and manipulate TMEM16A/16B. We discuss these aspects of our results in relation to previous work with emphasis on structure-function mechanisms, physiological implications, and potential pharmacological applications.
In agreement with previous results, our data show that preassociated apoCaM is not the Ca 2+ -sensor responsible for CDA of TMEM16A/16B. Beyond CDA, however, TMEM16A/16B display other Ca 2+ -regulated gating and permeation processes through a direct interaction with Ca 2+ -CaM as shown by this and other studies. In particular, the CDI phenomenon has previously been observed (25, 26) , although the Ca 2+ sensor for this process was unknown. Interestingly, reconstituted purified TMEM16A (abc) lacks CDI, suggesting the sensor for this phenomenon is not encoded within the channel's primary sequence (30) . Recent studies indicate that Ca 2+ -CaM regulates the HCO 3 − permeability (32) and run-up/run-down of TMEM16A (40) . These modes of CaM signaling are different from what we report here, which features apoCaM preassociated to TMEM16A/16B channel complexes as a resident Ca 2+ sensor. The functional effects of overexpressing CaM 1234 reveal that preassociated apoCaM is the Ca 2+ sensor for CDI in TMEM16A(abc). Our results also revealed a previously unidentified form of Ca 2+ -dependent regulation of TMEM16A, CDSA, which is also mediated by the preassociated apoCaM. Interestingly, CDI and CDSA were independently mediated through Ca 2+ -binding to the N and C lobes, respectively, of the resident apoCaM. This profile fits nicely with the known differential affinity of the two lobes of CaM for Ca 2+ (N lobe, (33, 44) . The lobe specificity is reminiscent of CaM regulation of Ca V 2.1 channels, where preassociated apoCaM uses N and C lobes to bifurcate Ca 2+ signals to produce CDI and CDF, respectively (43) . To our knowledge, this work provides only the second example of a resident apoCaM splitting the Ca 2+ signal to produce opposite functional readouts on a host channel.
We initially inferred a TMEM16A-apoCaM interaction based on successful functional outcomes of the ChIMP assay with CaM 1234 -C1 PKC for TMEM16A splice variants. This intuition was explicitly confirmed by coimmunoprecipitation assays in which all TMEM16A splice variants containing segment a were successfully pulled down with apoCaM. Tian et al. also demonstrated that CaM and TMEM16A(abc) coimmunoprecipitated together when coexpressed in HEK293 cells (31) . They inferred that splice segment b was important for the TMEM16A-CaM interaction by showing that TMEM16A(ac) can no longer be pulled down with CaM. By contrast, we found that segment a rather than segment b is essential for apoCaM binding to TMEM16A. The reason for the discrepant results is unclear. Surprisingly, we were unable to coimmunoprecipitate the entire intracellular TMEM16A N terminus with CaM. This may indicate that CaM binds stably to the holo channel using multiple weak binding sites including at least one located in segment a. Alternatively, segment a could be necessary by promoting a conformation of TMEM16A that exposes the apoCaM binding site elsewhere on the channel. It is also possible that apoCaM does not bind directly to TMEM16A, but associates with the channel complex through an intermediary protein. This scenario would be consistent with the observation that purified TMEM16A does not associate with CaM (30) . Notably, Jung et al. identified Ca 2+ -dependent CaM binding to TMEM16A using pull-down assays (32) . In contrast to our results, they did not observe CaM binding to TMEM16A under Ca 2+ -free conditions. This fundamental difference in observations is most likely explained by variation in experimental methods. Jung et al. used purified GST-CaM to pull-down TMEM16A from HEK293 cell lysates. Our results indicate that under these conditions, TMEM16A channel complex is already preassociated with endogenous apoCaM, thus possibly preventing GST-CaM access to the binding site. Taken together with previous results (32), we speculate that at least two independent CaM binding sites exist in the TMEM16A channel complex-a site for apoCaM that mediates CDSA and CDI and a separate site for Ca 2+ -CaM that regulates channel permeability to HCO 3 − . In contrast to our results, Yu et al. were unable to coimmunoprecipitate TMEM16A with epitope-tagged CaM expressed in HEK293 cells (37) . The reasons for the discrepant results are not obvious. Clearly, further work is needed to nail down the precise nature of the apoCaM binding site within the TMEM16A channel complex. Our results provide a clear functional signature of this preassociated apoCaM, which in turn provide the impetus for such future studies.
We propose that TMEM16A and TMEM16B channels in native cells have a preassociated apoCaM as part of the channel complex under resting [Ca 2+ ] i . Our results suggest that without the preassociated apoCaM, the Ca 2+ sensitivity of TMEM16A/16B activation at low to moderate [Ca 2+ ] i would be significantly lower, and thereby impact the many biological functions that depend on channel opening. Further experiments in native systems are needed to define the broad physiological implications of our findings. One previous study examined the impact of various CaM EF hand mutants on the activation of CaCCs recorded from the Odora cell line, which are derived from olfactory sensory neuron (OSN) precursor cells in the rat olfactory epithelium (38) . They found that several CaM mutants (CaM 1 , CaM 2 , and CaM 12 ) shifted the Ca 2+ -dependent activation curve of the endogenous CaCC to the right, consistent with our idea that a preassociated apoCaM mediates CDSA. Surprisingly, they observed no impact of CaM 1234 on the Ca 2+ -dependent activation curve of the endogenous CaCC, in contrast to our results in HEK293 cells (Fig. S7) .
This study demonstrates the utility of ChIMP to probe structure-function mechanisms and regulation of TMEM16A/16B. That the ChIMP method, which was previously developed in Ca V channels (39) , is similarly effective in the unrelated TMEM16A/ 16B suggests that it may be generally applicable to the study and modulation of many different ion channel families. A recent quantitative proteomic approach revealed that TMEM16A is associated with a large network of intracellular proteins, many of which could be important for channel regulation (45) . The ChIMP assay could be an invaluable tool for dissecting the functional relevance of other cytosolic proteins that putatively interact with TMEM16A intracellular domains. Finally, the approach also has promise for developing novel genetically encoded inhibitors for TMEM16A and TMEM16B channels.
Materials and Methods
Detailed methods are provided in SI Materials and Methods.
cDNA Cloning. Mouse TMEM16A(abc), TMEM16A(ac), and TMEM16B-GFP were generous gifts from Criss Hartzell (Emory University, Atlanta). Expression plasmids were generated using PCR and standard restriction enzyme ligation and cloning strategies.
Cell Culture and Transfection. HEK293 cells maintained in DMEM supplemented with 10% (vol/vol) FBS and 100 μg·ml −1 penicillin-streptomycin were transfected using the calcium phosphate precipitation method.
Electrophysiology. Whole-cell recordings of HEK cells were conducted 48-72 h after transfection using an EPC8 or EPC10 patch clamp amplifier (HEKA Electronics) controlled by PULSE software (HEKA).
Confocal Microscopy. Confocal imges were acquired using a Leica TCS SPL AOBS MP confocal microscope system and a 40× oil objective (HCX PL APO 1.25-0.75 NA). HEK293 cells expressing GFP and mCherry fusion proteins were excited using the 488-and 543-nm argon laser lines, respectively.
Immunoprecipitation and Immunoblotting. For high-calcium experiments, transfected cells were preincubated for 30 min with A23187 (5 μM) in the presence of 2 mM external CaCl 2 before solubilization in lysis buffer (50 mmol/L Tris·HCl, 150 mmol/L NaCl, 1% IGEPAL CA-630, 2 mM CaCl 2 ). For immunoblots, primary antibodies (anti-GFP; Invitrogen) were detected by horseradish peroxidase-conjugated secondary antibodies (goat anti-rabbit; Thermo Scientific) and enhanced chemiluminescence.
Data and Statistical Analyses. Data were analyzed off-line using PulseFit (HEKA), Microsoft Excel, and Origin software. Statistical analyses were performed in Origin using built-in functions. Statistically significant differences between means (P < 0.05) were determined using Student t test for comparisons between two groups, or one-way ANOVA followed by pairwise means comparisons using Bonferroni test for multiple groups. Data are presented as means ± SEM.
